Abstract. Levodopa, a dopamine precursor, is an effective and well-tolerated dopamine replacement agent used to treat Parkinson's disease (PD). Oral levodopa has been widely used for over 40 years, often in combination with a dopa-decarboxylase inhibitor (DDCI), which reduces many treatment complications, extending its half-life and increasing levodopa availability to the brain. Entacapone, a catechol-O-methyltransferase inhibitor, can also be used to improve the bioavailability of levodopa, especially when used in conjunction with a DDCI. During early-stage PD, treatment will depend on the severity of symptoms; if greater symptomatic effect is required then levodopa or dopamine agonists are usually the drugs of choice. The ability to remain employable or physically active is an important goal in younger patients, therefore, in some instances levodopa initiation should be considered early on, either as a monotherapy or in combination with other drugs. The clinical use of levodopa may eventually be limited by the development of various treatment-related complications, including response fluctuations, dyskinesia and psychiatric problems. Motor complications are related to the intermittent delivery of dopamine-replacing drugs to the brain. Triple combination of levodopa/carbidopa/entacapone available in a single tablet in multiple levodopa dose strengths offers flexibility and helps control response fluctuations. Recent developments in treatment with levodopa try to obtain continuous delivery with levodopa and include duodenal infusion of a levodopa/carbidopa, transdermal levodopa patch, and oral pro-levodopa. Levodopa remains the most potent dopaminergic therapy for PD.
INTRODUCTION
The core motor features of Parkinson's disease (PD) result from cell loss in the substantia nigra pars compacta (SNc) and the degeneration of the nigrostriatal dopaminergic pathway [1] [2] [3] . Despite the increasing evidence that non-motor symptoms may precede the cardinal motor symptoms of PD [4] , currently accepted clinical criteria for the diagnosis of PD require the identification of bradykinesia plus at least one of rigidity, resting tremor or postural instability [5] . As such, diagnosis of PD is generally made when these symptoms become apparent, in the so called motor stage of the disease. This symptomatic period may be further subdivided into early and advanced phases; from a practical standpoint, the transition to the advanced phase is defined by an increase in symptom severity, the onset of motor complications of therapy (such as motor fluctuations or dyskinesias), and a progressive overshadowing of the core motor features by various non-motor symptoms [6] .
Despite the fact that PD pathology can be widespread in the brain and affects a multitude of neurotransmitter systems, a good correlation exists 256 Table 1 The introduction of levodopa into clinical neurology George Cotzias, a neurologist, discovered the clinical usefulness of levodopa in 1967 The work that paved the way for this discovery was performed by Arvid Carrlson (striatum as the site for dopamine concentration and levodopa rescue of animals with reserpine-induced Parkinsonian symptoms) and Ohle Hornykiewicz (dopamine deficiency in the striatum in Parkinson's disease) In 1961 Walther Birkmayer, at the insistence of Hornykiewicz, administered levodopa intravenously to patients with Parkinson's disease and observed a spectacular anti-akinetic effect The US Food and Drug Administration approved levodopa for the treatment of Parkinson's disease in 1970 Cotzias's work opened up a new field with incredible consequences for people with Parkinson's disease, as well as changing the understanding of treatment for neurodegenerative disorders Table 2 Levodopa for the management of Parkinson's disease -key points Levodopa has been the mainstay of therapy for Parkinson's disease since 1970. It is still the most efficacious drug for symptomatic treatment of Parkinson's disease Levodopa is effective in the early stages of Parkinson's disease and remains efficacious as the disease progresses, with no intolerance developing with the passage of time The main drawbacks of levodopa are dyskinesias and response fluctuations, which are, in part, related to its short half life and erratic gastric emptying Dyskinesias can be disabling in a minority of people with Parkinson's disease, in particular in people with young onset Parkinson's disease Steadying plasma levodopa levels (minimizing peaks and troughs) greatly reduces response fluctuations and is an important therapeutic objective Several formulations of levodopa are available for oral administration:
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Levodopa in combination with a dopa decarboxylase inhibitor Levodopa in combination with a dopa decarboxylase inhibitor and a catechol-O-methyltransferase inhibitor Slow-release levodopa in combination with a dopa decarboxylase inhibitor Levodopa/dopa decarboxylase inhibitor dispersible tablets The best bioavailability with oral levodopa is achieved by combining it with a dopa decarboxylase inhibitor and a catechol-O-methyltransferase inhibitor (e.g. entacapone) Steady plasma levodopa levels and continuous levodopa delivery to the brain can be achieved with continuous duodenal infusions This strategy has been shown to be effective in people with disabling motor complications Newer treatment strategies currently in development for continuous delivery of levodopa to the brain include transdermal levodopa pro-drugs and oral levodopa in combination with a dopa decarboxylase inhibitor and newer catechol-Omethytransferase inhibitor between severity of motor symptoms, particularly bradikynesia and rigidity and dopamine loss in the striatum and treatment has focused almost exclusively on the replacement of dopamine. Levodopa, a precursor to dopamine, gained Food & Drug Administration approval for the treatment of PD in 1970. To date, levodopa remains the most effective and well tolerated dopamine-replacing agent [7] , and contributes significantly to improvements in the quality of life of patients with PD [8, 9] . The strong evidence supporting the use of levodopa means that it is currently considered the gold standard for the symptomatic treatment of the motor features of PD. This manuscript provides an overview of the use of levodopa in the management of PD, the current clinical practices regarding the initiation and optimization of levodopa, and the latest developments in levodopa therapy (see Tables 1 and 2 for some highlights related to levodopa development and clinical use).
LEVODOPA THERAPY FOR PARKINSON'S DISEASE
The efficacy of levodopa in PD has been widely recognized since its introduction over 40 years ago [10] . Previous concerns that levodopa may have toxic effects on the brain have now been mostly discarded, and it is currently accepted that, at least in terms of toxicity, there is no reason to delay the initiation of levodopa [11] . When taken orally, levodopa is quickly decarboxylated in the extracerebral tissues. Consequently, only a small proportion reaches the central nervous system. Since the advent of levodopa in the late 1960 s, it has been routinely administered in combination with a dopa-decarboxylase inhibitor (DDCI), such as carbidopa [12] or benserazide [13] . This association reduces its peripheral conversion to dopamine, thereby minimizing the predominant side effects of circulating dopamine, such as nausea, vomiting and hypotension. Additionally, minimizing the peripheral degradation of levodopa extends its half-life and increases its availability to the brain, thereby prolonging the duration of its symptomatic effect [14] . During the late 1980 s, controlled-release (CR) levodopa formulations were developed with the aim of improving levodopa delivery to the brain, and such CR tablets have been commercially available since 1991. CR compounds consist of levodopa, in combination with either carbidopa or benserazide, embedded in a matrix designed to delay the release of the active ingredients, resulting in delayed absorption and more sustained plasma levodopa levels, as compared with regular levodopa [15, 16] . The bioavailability of CR-levodopa formulations is, however, somewhat unpredictable and generally lower than that with conventional levodopa, thereby necessitating a ∼30% increase in dose [17] [18] [19] . In addition, the longer symptomatic effect provided by these agents is sometimes counterbalanced by a longer time to onset of the clinical benefit -an observation that has led to the frequent combination of both conventional and CR preparations, particularly with regard to the first morning dose. Moreover, in patients experiencing dyskinesias, CR formulations of levodopa have been associated with prominent dyskinesia occurring at the end of the day [19] . Data regarding the degree of symptomatic control provided by each CR-levodopa formulation is conflicting: two studies reported better outcomes with CR formulations [20, 21] ; one study showed that CR formulations did not increase ON time without dyskinesia [22] ; and results of a fourth study did not allow for robust conclusions to be drawn [23] . One long term study [24] failed to demonstrate a significant decrease in the rate of development of motor complications.
Another method for improving the bioavailability of plasma levodopa and delivery to the brain is to inhibit peripheral metabolism of levodopa via the catechol-O-methyltransferase (COMT) pathway. Entacapone, a COMT inhibitor that has been clinically available since 1999, has been shown to enhance the transportation of levodopa across the blood-brain barrier and its conversion to dopamine [25, 26] . This results in a ∼30% increase in the bioavailability of the drug. From a clinical perspective, dual inhibition of both COMT and DDC pathways results in a significant increase in daily ON time and a corresponding decrease in OFF time [27] [28] [29] [30] . Increasing the bioavailability of levodopa with co-administration of COMT inhibitors, however, is also associated with an initial increase in dyskinesia that can generally be controlled with adjustments in the doses of levodopa. A recent clinical trial in early-stage untreated patients has shown that addition of entacapone to levodopa/carbidopa therapy does not reduce the development of dyskinesias [31] . Although another COMT inhibitor, tolcapone, has been shown to be more effective than entacapone [32] , its association with an increased risk of potentially fatal hepatotoxicity has limited its clinical use to patients who do not respond to entacapone [33] . Although its clinical potential is still being evaluated in a phase III clinical trial, preliminary data suggest that the pharmacokinetic profile of the novel COMT inhibitor opicapone may allow for a once-daily administration [34] .
The therapeutic dose of levodopa is variable and the majority of patients initially respond well to doses of 300-600 mg/day. A lack of responsiveness to levodopa (evaluated after an 8-week treatment of at least 1000 mg/day combined with a DDCI) is usually indicative of an alternative diagnosis, such as multiple system atrophy or progressive supranuclear palsy. When increasing levodopa dose, it is important that this is done both gradually and slowly in order to minimize the risk of dopaminergic side effects. Nevertheless, the presence of central side effects of levodopa, includ- 
Motor complications associated with levodopa treatment
As with the other available antiparkinsonian drugs, however, the clinical use of levodopa may eventually be limited by the development of various treatment-related complications, which include response fluctuations (summarized in Table 3 ), dyskinesias and psychiatric abnormalities.
Response fluctuations and dyskinesias
At the beginning of treatment, levodopa administered three times per day is associated with a long-duration response where symptoms are adequately controlled throughout the day. With time, however, this long-duration response becomes less marked, the duration of symptomatic effects of levodopa become shorter, and symptom control becomes dependent on the presence of adequate plasma levodopa levels. Plasma levodopa levels oscillate between peaks and troughs and are frequently erratic, reflecting the short half-life (90 minutes or less) and often irregular absorption of the drug. Oscillations in motor symptoms tend to correlate with oscillations in plasma levodopa levels [35, 36] and require frequent adjustments to the dosage regimen. Wearing-off, where symptoms of PD re-emerge before the next dose of levodopa is due, is associated with deep troughs in plasma levodopa. At the same time, dyskinesias, which consist of hyperkinetic involuntary movements of varying intensity and type, frequently occur. Dyskinesias usually appear during maximal plasma concentrations of levodopa (peak-dose dyskinesias), but may also occur at the beginning and end of a dose cycle (diphasic dyskinesias) [35] . A third type of dyskinesia related to chronic levodopa treatment is known as OFF-period dystonia; this commonly affects the foot and can be rather painful, tends to occur early in the day and can be precipitated by anxiety or attempts to walk [37] . Unlike peak-dose dyskinesias that can occur early on, OFF-period dystonia tends to occur after months or years of chronic levodopa treatment [38] .
In patients with motor fluctuations, non-motor problems associated with the OFF periods are now usually recognized, and they may cause significant distress [39, 40] . In one study, all patients who had motor fluctuations also experienced at least one non-motor problem during OFF phases [39] . The non-motor symptoms most frequently reported during OFF periods include anxiety, drenching sweats, slowness of thinking, fatigue, akathisia, irritability, pain and hallucinations. In another study, patients reported tiredness as the most frequent non-motor symptom. Dopaminergic mechanisms are important in non-motor fluctuations, and they can improve with optimization of dopaminergic therapies.
The pathophysiology of levodopa associated response fluctuations is complex and yet incompletely understood. Progressive cell loss in the SNc hinders levodopa uptake as well as its metabolism to dopamine and storage in presynaptic terminals [41, 42] . In this situation, striatal dopamine levels are increasingly dependent on the amount of levodopa that reaches the brain. Given the short plasma half-life of levodopa that requires its administration in repeated doses throughout the day, stimulation of dopamine receptors becomes intermittent [43] . In animal experiments, pulsatile levodopa stimulation of spiny neurons in the caudate-putamen or putamen nucleus (depending, respectively, on whether rodent or primate species are being used) results in the up-regulation of intracellular messengers involved in the function of ␥-aminobutyric acid-ergic efferents and, finally, alteration in the pattern of firing and synchronization of different structures in the basal ganglia [44, 45] . As shown in different animal models, some of these changes occur only if levodopa administration is pulsatile, and they may even be reversed by continuous dopaminergic stimulation [46] . Consequently, the hypothesis has been put forward that levodopa-associated motor complications, and dyskinesias in particular, may be caused by such intermittent or pulsatile stimulation of striatal dopamine receptors linked to intermittent levodopa delivery to the brain.
Levodopa dose appears to be a driving factor for the development of motor complications. In the Earlier versus Later Levodopa Therapy in Parkinson Disease (ELLDOPA) trial, wearing-off and dyskinesia occurred in 29.7 and 16.5% of patients, respectively, in de novo patients receiving 600 mg/day of levodopa. In contrast, the incidence of dyskinesias and wearing-off in those receiving smaller doses of levodopa (150 or 300 mg/day) was considerably lower, particularly for dyskinesias, for which the rate was similar to that of the placebo arm at the lower doses [47] . Age at disease onset also appears to have an important impact on motor complications. In young-onset PD, dyskinesias occur in about 94% of cases after 5 years of levodopa treatment [48, 49] .
The incidence of motor complications is widely described in the literature. In a meta-analysis of published prospective studies, the risk of dyskinesias and motor fluctuations after 4-6 years of levodopa treatment was found to be around 40% [50] . In addition, a study by Stacy et al. 2005 has shown that response fluctuations may be an early phenomenon when subtle and non-motor signs are also considered [40] .
Neuropsychiatric complications
Other complications of levodopa include neuropsychiatric problems such as depression, confusion, hallucinations and sleep disorders. Such symptoms are thought to reflect, at least in some patients, the progression of the cerebral lesions to involve limbic structures and the cerebral cortex. Psychiatric complications occur in less than 5% of de novo patients on levodopa monotherapy [51] . However, hallucinations and psychosis from levodopa tend to be less pronounced than with other antiparkinsonian agents, and levodopa is typically the drug of choice to treat motor disabilities in PD patients with dementia or hallucinations.
Patients on dopamine replacement therapies may experience various impulse control disorders [52] . The DOMINION study found an overall prevalence of 13.6% in their study population, but levodopa (exclusively when taken in the higher dose range) was rarely associated with their occurrence [53] . Reports of impulse control disorders with levodopa monotherapy focus almost exclusively on pathological gambling [54] and hypersexuality [55] . Levodopa has also been implicated in the development of an unusual constellation of symptoms collectively termed dopamine dysregulation syndrome [56] . The condition is thought to result largely from sensitization of neural pathways caused by pulsatile stimulation of the nucleus accumbens and the prefrontal cortex [57] . Its frequency has been estimated to be 3-4% [58] , but these figures may be an underestimation, as the mildest cases are rarely diagnosed. Several risk factors, including a noveltyseeking personality, a history of mood disorders or alcohol dependence, have been identified [59] . Patients develop a craving for the drug and increase the dose of antiparkinsonian agents well above what is needed for adequate control of the motor features of the disease. Mood and behavioural disturbances (including any of the impulse control disorders) are the remaining features of this condition. Punding refers to a characteristic behavioural feature at times associated with the dopamine dysregulation syndrome. Its prevalence has been estimated to be about 1.5% [60] . Patients engage in repetitive and seemingly purposeless activities (usually examining, sorting or dismantling objects) for hours. Patients usually have poor insight of developing these complications and seldom perceive their situation as problematic. As a consequence, medical attention is usually sought by relatives and not the patients themselves. Management includes the reduction in levodopa dose (dopamine agonists may be required to compensate for the decrease in dopaminergic stimulation). Most patients, however, will be reluctant and poorly compliant with this strategy. If this strategy fails, amantadine and quetiapine have been reported to be helpful in this condition [61] . Deep brain stimulation (DBS) has met with mixed results, as both improvement and worsening of this symptom complex has been reported to occur [62] .
INITIATING LEVODOPA IN EARLY-STAGE PARKINSON'S DISEASE
Medications available to manage PD symptoms in the early stages include the dopaminergic agents, such as levodopa, dopamine agonists and monoamine oxidase B (MAO-B) inhibitors, as well as amantadine and anticholinergic agents. The efficacy and safety of these various drugs have been reviewed extensively and the reader is referred to the National Institute for Health and Clinical Excellence (NICE), the European Federation of Neurology guidelines and the MDS Evidence Based Review for detailed information [63] [64] [65] [66] [67] . When symptomatic treatment is initiated, the choice of drug will depend in part on the severity and functional consequences of the existing symptoms.
When a significant symptomatic effect needs to be achieved, levodopa or dopamine agonists constitute the drugs of choice. Dopamine agonists have been widely used as initial therapy because of their symptomatic effect and because they have been shown to reduce the risk of motor complications when compared with levodopa. However, clinical trials have shown that about 50% of patients initiated on dopamine agonist monotherapy required supplemental levodopa within 2 years after initiation in order to maintain symptom control. In addition, long-term follow-up phases of these trials have shown that initiating treatment with a dopamine agonist does not reduce the risk of developing disabling motor complications [68, 69] .
Since the risk of developing motor complications is considerably greater in patients with a younger age at onset, starting treatment with a dopamine agonist is considered justified, and is frequently implemented, in patients with an early onset of motor symptoms [70] . There is no general agreed-upon cut-off age for starting dopamine agonist or levodopa as the initial treatment. Most treating physicians would delay initiation of levodopa and start with a dopamine agonist or another antiparkinsonian agent in patients aged 60 years or below. Dopamine agonists, on the other hand, can cause behavioural side effects such as impulse control disorders and postural hypotension, even in early stages of treatment, and more commonly in elderly patients and those with cognitive impairment [71] . The ability to remain employable or physically active is an important goal in young patients. Consequently, while these young onset patients have a higher risk for motor complications, in some instances levodopa initiation should be considered early on, either as a monotherapy or in combination with other drugs.
When given to de novo patients, levodopa significantly improves the classic motor symptoms and is generally well tolerated. The ELLDOPA trial in treatment-naïve patients with PD showed a dose-dependent improvement in motor scores with levodopa, and a lower Unified Parkinson's Disease Rating Scale (UPDRS) scores after a 2-week washout period compared with patients receiving placebo, after 6 months of treatment [47] . Early side effects include nausea (which can be improved with domperidone) and, rarely, orthostatic hypertension or neuropsychiatric problems such as depression, hallucinations or somnolence. No special benefit has been shown for initiating levodopa therapy with CR formulations [24] or with a levodopa/carbidopa plus entacapone [31] . Although entacapone increases the central bioavailability of levodopa to a greater extent than does carbidopa alone [72] , this combination is not currently considered the treatment of choice in de novo or stable patients.
Recent studies have shown that the drugs used for the treatment of motor symptoms can influence some nonmotor manifestations of PD. Such proposed effects sometimes drive the selection of the drugs used in the initial stages. Pramipexole, for example, may have antidepressant properties beyond its effect upon motor symptoms [73] . Levodopa's effects upon non-motor symptoms, such as cognition or autonomic symptoms, are generally mild; however, it can improve sleep quality [74] , rapid eye movement behaviour disorder [75, 76] and central pain [77] . In a recent study in early untreated PD patients, fatigue progressed less in levodopa treated patients [78] . The initiation of levodopa treatment has been shown to improve both anxiety and depression in PD patients [76, 79] . The significance of this observation, however, is not clear, as it could reflect not a true effect on the mood disturbances, but result from the improvement it causes on the motor features of the disease. Additionally, the emergence of affective symptoms upon levodopa treatment initiation (and their remission with drug withdrawal) has been reported [80] . In a 3-month prospective study [81] , levodopa improved the overall cognitive status of PD patients, although not every cognitive domain was found to be equally affected (attention, reaction time and accuracy improved, while verbal attention and memory did not). The complex relationship between levodopa therapy and cognitive function in PD patients, may be further exemplified by conflicting reports on its effect on executive functions: a beneficial effect [82] , a variable effect [83] , and no significant effect [84] have all been published. Additional studies are needed to confirm and extend these effects of levodopa upon non-motor symptoms.
OPTIMIZING LEVODOPA THERAPY IN ADVANCED-STAGE PD
Motor complications associated with therapy occur frequently in advanced PD and can be the source of major disability [85] . As motor complications are thought to result in part from oscillations in plasma levodopa, current strategies for managing motor complications focus on maintaining stable concentrations of plasma levodopa within the therapeutic window (above the threshold for improvement of parkinsonian symptoms, and below the threshold for the development of dyskinesia). From a clinical perspective, the desired outcome is an increase in total daily ON time without disabling dyskinesia. However, this may become increasingly challenging, as the therapeutic window typically narrows as the disease progresses and levodopa is erratically absorbed from the gastrointestinal tract [86] . The sections below provide an overview of the current management strategies according to the type of motor complication.
Wearing-off
With advancing PD, most patients receiving conventional immediate-release preparations of levodopa require modifications to their levodopa doses in order to retain symptomatic control as the duration of effect of each dose becomes progressively shorter. Wearingoff is a considerable problem for patients receiving levodopa, with more patients describing this complication as a greater challenge of levodopa therapy than dyskinesia [87, 88] . Optimization of treatment in this circumstance depends on the degree of control of parkinsonism as well as the presence or risk of dyskinesias. Modifying the dosing of conventional levodopa is a common strategy and can provide short-term benefits. In theory, fragmentation of total daily levodopa intake into lower and more frequent doses should provide more consistent plasma levodopa levels, and so more consistent symptom control. However, this strategy is frequently not helpful, since lower doses of levodopa do not improve the motor symptoms to the same extent as higher doses. Pharmacokinetic data suggest that peaks and troughs remain with dose fractionation, and symptoms of wearing-off may persist owing to suboptimal levodopa exposure [89] . In patients whose symptom control is adequate and dyskinesias are either not present or mild, one may also consider increasing the amount of a given levodopa dose (or doses) at the time of the day when wearing-off is most bothersome. However, it must be noted that such a strategy is likely to increase the risk of dyskinesias and subtherapeutic troughs may still occur [89] .
Among the motor complications associated with levodopa therapy and disease progression early morning akinesia, which refers to the occurrence of clinically significant parkinsonism preceding the administration of the first daily dose of dopamine replacement agents, has been recently identified as a significant source of discomfort by 55.4% of 6351 respondents of an anonymous survey carried out among German PD patients [90] . A supplemental dose of levodopa taken upon awakening has been proven to be beneficial in this circumstance, with its effect shown to reach clinical significance within 15-75 minutes after drug ingestion [91] .
In patients with severe recurrent OFF periods, levodopa may need to be administered up to every 2 hours during the waking day (occasionally with additional doses during the night), and the total daily requirement of the drug could be in the range of 2000 mg. The increasing complexity of the medication schemes, however, may lead to reduced therapeutic adherence [92] . If symptom control remains suboptimal after adjustment and optimization of levodopa treatment, other agents (either dopamine agonists or MAO-B inhibitors) may be added. In this situation, however, dopamine-related side effects may be induced or aggravated, and a reduction in the dose of levodopa is sometimes required.
As mentioned above, although CR-levodopa formulations were developed to provide more consistent delivery of levodopa, results from clinical trials in patients with motor fluctuations have demonstrated conflicting results compared with immediate-release levodopa formulations [15, 16, [20] [21] [22] 93] . While these levodopa formulations may benefit certain patients, irregular gastric absorption and competition with amino acids make achieving a predictable drug response difficult.
The addition of entacapone to each dose of standardrelease levodopa has been shown to significantly increase the bioavailability of levodopa and reduce the troughs in plasma levodopa concentrations compared with conventional levodopa/carbidopa therapy [94] and to improve wearing-off. Four 6-month, randomized, controlled studies have evaluated the efficacy and tolerability of levodopa/DDCI and entacapone versus levodopa/DDCI and placebo treatment in patients with motor fluctuations [25] [26] [27] [28] [29] . In the entacapone group, mean daily ON-time was increased by around 1 hour compared with the group receiving placebo, and UPDRS motor and activities of daily living scores were significantly decreased. An increased incidence of dyskinesias with levodopa/DDCI and entacapone was observed, but in general could be managed by a reduction in the levodopa dosage [25] [26] [27] [28] [29] . The most frequent adverse events associated with levodopa/DDCI and entacapone therapy are chromaturia (harmless urine discolouration), nausea, diarrhoea, constipation and dizziness [25] [26] [27] [28] 94] .
The triple combination preparation of levodopa/carbidopa/entacapone (LCE) is available as a single tablet in multiple levodopa dose strengths which facilitates a low-dose, gradual titration of levodopa. At the pharmacokinetic level, manipulation of the dosing strategy of LCE, by using for example higher doses in the morning and lower ones at later points during the day, avoids the accumulation of levodopa towards the end of the day without significantly lowering the trough value of plasma levodopa [95] . The simplicity of the dosing regimen may also influence treatment adherence [96] .
A recent pharmacokinetic study has also evaluated the potential of LCE for control of night-time symptoms [97] . The results of the Phase I trial demonstrated that LCE 200 mg provides a superior pharmacokinetic profile to that of CR-levodopa/carbidopa 200/50 mg, when administered either as a single evening dose or as a three-times-daily dosing regimen [98] .
Delayed ON and dose failure
In later stages of PD, some doses may take longer to become effective (delayed ON), and some doses may be barely or not effective at all (dose failure). These complications are generally regarded as the consequence of erratic drug absorption, and competition of levodopa with other amino acids for the neutral amino acid transport system (involved in the absorption of the drug from the proximal gastrointestinal tract and in crossing the blood-brain barrier).When present, delayed ONs and dose failures require the optimization of LD treatment as discussed above. In addition, simple dietary recommendations, such as chewing the tablets instead of swallowing them and taking the medication on an empty stomach (45 minutes before meals) and with carbonated beverages, has been reported to lead to a quicker and often more predictable onset of action with each dose. Dietary protein restriction has also been shown to provide a more stable response to levodopa therapy, but its recommendation should be made with caution, as it may contribute to malnutrition in this patient population. If the previous measures turn out to be ineffective, rescue with short-acting agents (soluble levodopa or subcutaneous apomorphine) remains an option. This last strategy, however, should be used sparingly owing to its potential association with neuropsychiatric complications.
Unpredictable motor fluctuations
This complex clinical situation may be viewed as the coexistence of wearing-off, delayed ONs and dose failure in a given patient. As such, its management requires a combination of the strategies proposed for the control of each one of these complications. Given its fitful nature, tailoring the treatment to a particular patient's needs is often difficult and requires expertise, sound clinical judgement and patience. If the adjustment of orally administered drugs does not result in significant symptom control, and the patient remains functionally impaired, alternative therapies (continuous duodenal infusion of levodopa gel, subcutaneous apomorphine pump or DBS) may be considered.
Dyskinesia
As opposed to the previous complications, dyskinesia may be more worrisome to caregivers, family members and acquaintances than to the patients, and treatment should be considered only if they significantly impact daily functioning or are a source of significant social embarrassment. Any attempt to manage dyskinesia must take into account the temporal relationship of dyskinesia to drug intake (see Fig. 2 ). Peak-dose dyskinesia is usually responsive to the redistribution of the total daily levodopa intake into more frequent but smaller doses, but a reduction in the total dose of levodopa (or that of adjunctive therapies such as dopamine agonists, COMT or MAO-B inhibitors) is sometimes required. However, both the redistribution and reduction of the previous treatment may result in a worsening of parkinsonian symptoms, and it is advisable to make the reductions as small as possible, in order to balance the treatment of dyskinesia with the management of wearing-off. Whenever its prescription is possible, a dopamine agonist may improve the clinical status and allow for a further reduction in the dose of levodopa (and, thus, better control of the dyskinesias). If the previously described measures fail, specific treatment with amantadine [99, 100] or clozapine [101] may be tried. Isolated reports suggest that quetiapine may also be used [102] , although its effects were found to be mild. Patients with non-responsive dyskinesias may be considered for any of the available continuous dopaminergic therapies or DBS. Moreover, the intervention over several non-dopaminergic systems (such as glutamate, serotonin, noradrenalin, adenosine, histamine or acethylcholine) for treating these motor complications [103] is currently being evaluated.
The treatment of diphasic dyskinesias is another of the clinical challenges posed by advanced PD. Treatment modification, as described for peak-dose dyskinesias, may in fact worsen biphasic dyskinesias, and the subcutaneous administration of apomorphine immediately preceding an ON/OFF state transition may be the only suitable alternative. The strategies outlined for the management of wearing-off and unpredictable ON/OFF fluctuations apply to the treatment of OFF-period dystonia. Although the management of refractory cases has not been recently addressed, some articles have suggested that they may occasionally benefit from lithium [104] , baclofen or the injection of botulinum toxin [105] .
RECENT DEVELOPMENTS IN TREATMENT WITH LEVODOPA
Once wearing off develops it can be ameliorated by smoothing out plasma levodopa levels and, furthermore, the hypothesis has been put forward that pulsatile-intermittent administration of levodopa may play a significant role in the development of motor complications. Accordingly strategies are being developed to obtain continuous drug delivery with levodopa itself.
The duodenal infusion of a water-soluble suspension of levodopa and carbidopa in methylcellulose (levodopa/carbidopa intestinal gel, LCIG), has been found to be successful for achieving nearly stable plasma concentrations of levodopa [106] [107] [108] [109] . LCIG is commercially available in Europe, under the trade name Duodopa™, as 100 mL cartridges containing a 20 mg/0.5 mg/mL suspension of levodopa/carbidopa. Its administration requires a gastrostomy for the insertion of a cannula, whose tip is placed in the duodenum. The cannula is connected to an external pump, which delivers the levodopa gel according to certain operator-defined parameters. Drug administration, which, generally speaking, includes a morning dose (100-200 mg in 10-30 minutes), a maintenance dose (typically 40-120 mg hourly during the waking hours) and allows for a certain amount of rescue doses (often in the range of 10-40 mg), must conform to each patient's specific needs. Since its development for use in advanced PD patients [106] , the clinical benefits of LCIG infusion have been reported in multiple open-label clinical trials. These studies have consistently documented a significant reduction in motor complications (including mean daily OFF time and mean daily ON time with troublesome dyskinesias) [107] [108] [109] [110] [111] [112] [113] , a benefit on certain non-motor symptoms (such as cognition, affective symptoms, dysautonomia and pain) [113, 115] , and significant improvements in quality of life [109, [110] [111] [112] [113] . LCIG was developed and has been hitherto used mainly in Europe; only recently, large open-label studies performed in the USA have reported results that are largely in accordance to what has just been exposed [116] . Preliminary results from controlled clinical trials, so far only presented in scientific meetings, also corroborate these findings [117] and suggest that LCIG infusion positively influences quality of life in this patient group [118] . From a practical standpoint, LCIG may be considered for PD patients with severe motor fluctuations and/or disabling dyskinesia, not adequately controlled with optimal pharmacological therapy (despite a significant response to the drug), who don't have significant comorbidities or contraindications for abdominal surgery. Compared with previously discussed strategies, however, its clinical use is hindered by elevated costs, invasiveness and technical complexity [107] . Complications of the duodenal infusion of levodopa/carbidopa gel are not infrequent, but most are graded as "mild" [108-110, 113, 114] . They are usually related to the gastrostomy or, most commonly, to the device itself (including connector leakage, and dislocation or occlusion (either from kinking, knotting or coiling) of the intestinal tube). The administration of levodopa as LCIG may be associated to the whole range of complications, such as hallucinations or prominent dyskinesias, commonly associated to its administration through any other route, and prominent dyskinesias or hallucinations can also lead to discontinuation of LCIG treatment. Vitamin B 6 or vitamin B 12 deficiency and elevated plasma homocysteine levels [119, 120] , which may lead to a reversible encephalopathy and/or axonal neuropathy, may occur more frequently than with oral formulations of the drug. The potential causes of this phenomenon, object of a recently published review [121] , remain poorly understood. Discontinuation of treatment has ranged from 7 to 20% of treated patients in published series. It has been estimated, however, that a significant proportion (75% after 2 years and approximately 50% at 6 years) of patients continue on this treatment modality despite the emergence of complications [122] .
Various orally administered levodopa formulations and prodrugs as well as a transdermal levodopa patch are currently being developed. One of the orally administered compounds, IPX066, was studied in a cross-over design that randomized 27 patients with advanced PD to receive either IPX066 or standard levodopa for 8 days followed by administration of the other compound [122] . Patients were assessed on days 1 and 8 with regard to pharmacokinetic and clinical variables. Plasma levodopa concentrations increased at a similar rate, but were more sustained (4 vs. 1.4 hours above 50% of the peak concentration, p < 0.0001) with IPX066, despite a lower dosing frequency. Data regarding tolerability and the clinical effect of the drug, however, should be cautiously interpreted, as levodopa doses given as IPX066 were higher than those given as the regular formulation. Preliminary pharmacokinetic studies with other compounds (such as XP21279, a levodopa (ND0611) transdermal patch, and inhalable levodopa) suggest that their administration is also feasible and plasma levodopa levels are relatively sustained [123] [124] [125] , but further research is needed before their potential role in the clinical setting can be determined.
A complementary management strategy for motor fluctuations focuses primarily on achieving a consistent short-latency response to levodopa treatment. An orally dissolved carbidopa/levodopa preparation (Parcopa™) was compared with regular levodopa/carbidopa [126] . Twenty patients with PD experiencing motor fluctuations participated in a single-dose, double-blind, double-dummy, crossover study. Patients were evaluated clinically using UPDRS score, hand tapping task and stride length at regular intervals for 1 hour and subjectively identified the onset of clinical response. Another study used the same design to evaluate potential differences between melevodopa hydrochloride/carbidopa and standard levodopa/carbidopa in 221 patients with regard to mean daily OFF time [127] . Although no statistically significant differences were found in either study, a trend towards better results with the experimental compounds was consistently identified. The significance of these findings remains to be determined.
CONCLUSIONS
Levodopa remains the most potent dopaminergic therapy for PD. Initiating levodopa as first-line therapy may achieve optimal outcomes in terms of patient function in the early years of the disease. While the development of motor complications associated with long-term therapy is an important issue for the effective management of PD, the long-term functional benefits of the strategy of delaying levodopa therapy in favour of first-line dopamine agonists or MAO-B inhibitors are still unclear, and patients may experience symptomatic improvements smaller than those achieved with first-line levodopa therapy, even if adjunctive levodopa is subsequently introduced.
In patients who later develop response fluctuation or dyskinesias adjustment of levodopa dose, switching to alternative levodopa formulations, or supplementation of therapy with additional agents are general strategies for managing motor complications associated with levodopa. Pharmacokinetic optimization of levodopa therapy with the addition of entacapone can significantly improve the motor symptom response, a strategy that may be more effective and simpler to use than dose modification of conventional levodopa or CR formulations.
Despite the strong heritage of levodopa as the gold standard therapy for PD, the quest for a levodopa formulation that safely provides consistent brain delivery remains unsolved; nevertheless, recent advances, such as the development of LCIG, have significantly contributed towards attaining such a goal.
